Electrophoretic deposition (EPD) is a material processing technology which uses direct current (DC) voltage to deposit thin layers on a metallic substrate. EPD is a promising coating technology for medical devices due to its advantages such as thin homogenous layers and a broad range of usable substrates. The objective of this paper is to demonstrate how EPD can be deployed successfully to apply an insulation layer on a stimulation electrode. The Mapping suction probe by inomed Medizintechnik GmbH, Germany, was coated in this investigation. The unique feature of this product is that it combines both a surgical vacuum and a stimulation probe and is used for brain tumour resection. As for the insulation layer, ethylene chlorotrifluoroethylene (ECTFE) was chosen because of its good dielectric and biocompatible properties. ECTFE particles (Halar®6514, Solvay Specialty Polymer, Italy) were mixed with a solvent (Novec™ 7100DL Engineered Fluid, 3M™) to form a suspension. The coating process was partly automatized to ensure good repeatability and reproducibility. For coating, the stimulation probe was immersed in the suspension so that the counter electrode, a stainless-steel net, surrounded it equidistantly. A heat treatment of the coated device in an oven (FED56, Binder, Germany) was required afterwards to melt the deposited polymer particles. After the heat treatment, a glossy black layer (layer thickness 42 μm) was observed on the substrate. A smooth and homogenous surface confirmed that the coating is suitable for surgical application. However, due to a high evaporation rate of the solvent, the ratio of particles and solvent changes and the coating process will have to be controlled in the future to achieve a stable process. Further advantages of EPD such as short processing time, straightforward process flow and scalability enables high production quantities which is attractive for industrial application. EPD might be a promising coating technology for medical devices in the future.
Introduction

Electrophoretic Deposition
EPD is a material processing technique based on electrophoresis and deposition: Two electrodes are included, the first is the metallic substrate to be coated and the second is the counter electrode. Both are immersed in a suspension containing charged particles. When applying a DC voltage, particles are moved under the influence of an electric field (electrophoresis) which acts as a directional force dragging the particles towards the oppositely charged substrate. Near the substrate surface, the particles accumulate and a solid packing film is created (deposition) [1] . In order to further densify the deposit and to reduce porosity, a heat treatment is usually conducted afterwards [1] [2] [3] [4] . Initially used for applying paint on metal surfaces [5] , the applied materials nowadays range from metals [6] , ceramics [1] , polymers [7] to biological materials such as enzymes [8] and even living cells [9] [10] [11] . This lead to a high versatility of application which EPD can be used for [1, [12] [13] [14] .
Coatings applied with EPD show advantages as it is applicable on a wide range of shapes with complex geometry and porous structures, uniform deposit, good control over layer thickness and high homogeneity of the applied structure [1] [2] [3] [4] .
EPD in Medical Devices
EPD also performs in various medical implants to enhance the functionality and the treatment effect by modifying the metallic implant surface. Coatings for improving corrosion resistance, biocompatibility and bioactivity [15] [16] [17] [18] are for example applied on orthopaedic implants. This technology is also utilized for neural stimulating electrodes to gain higher charge capacity, lower impedance and better impedance stability which are favourable for stimulation and neural recording. These properties can be achieved by coatings with platinum nanoparticles [19, 20] , carbon nanotube [21, 22] , polymer nanotubes [23] or multilayer approach of carbon nanotubes and conductive polymer [24] . Due to the broad variety of usable material, functional coatings with desired properties such as dielectric film can also be realized [25] [26] [27] [28] .
In this review an example of dielectric coating applied on a neural stimulation electrode by EPD is shown and discussed. The insulation of this electrode except for the electrode tip is crucial for intraoperative neuromonitoring since an accurate stimulation is necessary.
Methods and Materials
Materials and Suspension
ECTFE was used as insulation layer, because of its good dielectric property [29] . The biocompatibility has been proven in a test following ISO standard 10993-1 instructed by inomed Medizintechnik GmbH, Germany. ECTFE particles (Halar®6514, Solvay Specialty Polymer, Italy) were mixed with a solvent (Novec™ 7100DL Engineered Fluid, 3M™) to form a suspension in which the EPD process was carried out. ECTFE particles were grinded beforehand to achieve a better dielectric strength (particle size ≤ 32 µm)). This phenomenon is probably caused by the small particle size which leads to a denser film. The ratio of the suspension was 1:10 (ECTFE [g]: solvent [ml]). A magnetic stirrer prevented the particles from sedimentation. A linear drive system (igus GmbH, Germany) powered by a hybrid stepper motor was used for immersing the substrate in the suspension to ensure good repeatability and reproducibility. A stepper motor controller (Nanotec GmbH, Germany) was used to operate the coating process such as positioning the substrate, immersion speed and duration of applied voltage. The metallic substrate was first cleaned with alcohol and then fixed to the guide carriage of the linear drive system. The substrate used in this review is the Mapping suction probe by Raabe by inomed Medizintechnik GmbH, Germany (outer diameter 3 mm). The Mapping suction probe is used for brain tumour resection and functions both for surgical vacuum and stimulation probe. By using it, the risk of injury on the tractus pyramidalis is lowered. During coating, a shielding cap was attached to the electrode tip to ensure a noninsulated conductive contact area which is required for neuromonitoring (see Figure 2) . The cap was removed before the heating treatment. As for the counter electrode, a net of stainless steel was used which was placed in the suspension. Throughout the coating process, the substrate was immerged in the centre of the counter electrode. DC voltage was applied between the substrate and the counter electrode with the DC voltage source LNC 1200-50pos by Heinzinger electronic GmbH, Germany. The entire process was performed in a fume cupboard for safety reasons, the front sash not allowing contact with the system during operation and because of the evaporation of the solvent. Heat treatment of the coated device is required afterwards to melt the applied polymer particles in order to achieve a permanent coating and to increase the density. This was conducted in the oven FED56 by Binder, Germany with more than 200°C for at least 5 minutes. All diameters were measured by an outside micrometer.
Electrophoretic Deposition
The EPD process is straightforward and consists of three steps: first, substrate is immersed in the suspension, then the substrate stays in the suspension for a certain amount of time while a DC voltage is applied on the substrate. In the last step, the coated substrate is pulled out of the suspension with a certain speed (see Figure 1) 
Results
The coating process including the heat treatment is very fast (less than 15 minutes) and easy to handle due to the partly automatized process. Only few manual steps are necessary, as mixing the suspension, preheating the oven, cleaning the substrate and the attachment of the Teflon cap. The coated substrate showed a dark grey colour right after being pulled out of the suspension and turned grey within a couple of seconds because the solvent evaporates very fast. The result was a grey layer of powder that detached easily when it was touched lightly. Therefore, the transport of the substrate from the fume cupboard to the oven required great caution. A fast reduction of the suspension surface level was also observed. After heat treatment the layer turned shiny black and showed a smooth homogenous surface (see Figure 2) . The cap on the electrode tip prevented it from being insulated and suspension entering the hollow. The transition to the uncoated area caused by the cap exhibited an apparent rise of the diameter. The average layer thickness (not considering the exceptional diameter of the transition area) was 41.7 μm ± 5.6.
Discussion
A thin layer of dielectric film is applied successfully with EPD. The smooth glossy black surface is, in addition to being visually pleasant, advantageous for electrodes used for intraoperative neuromonitoring, which demand a gentle contact with the tissue. It is also shown that EPD can be processed on bent substrates.
An important point in this coating process which ought to be well controlled is the ratio of ECTFE particles and solvent. On the one hand the high evaporation rate of the solvent is a critical parameter. The decrease of the suspension surface level means a rising ratio of ECTFE and solvent. Furthermore, if not adjusting position of the drive system, the coated area reduces. On the other hand, the amount of ECTFE particles may be considered. Each coating process uses up a certain amount of ECTFE particles which also changes the ratio. Eventually, if the same DC voltage is applied, the resulting layer thickness decreases the more substrates are coated. Another point to be looked at is the turbulence caused by the magnetic stirrer which might affect both the suspension surface and the particle motion. Further attention ought to be put to the design of the cap to prevent the observed increase of diameter near the transition area.
An automatized process ensures a good repeatability and reproducibility of the coating which is very favourable for validation and manufacturing. Other advantages such as flexible geometry of the substrate or low layer thickness makes it more attractive compared to powder coating which is commonly used in applying high-performance polymer. Furthermore, short processing time, straightforward process flow, low material waste and scalability enables high production quantities which is attractive for industrial application. However, for this technology to take grasp in the industry a stabilized and validated process is mandatory. Therefore, further experiments need to be performed in the future to gain a deeper understanding of the process.
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